A split-plot experiment was conducted in 1992 and 1993 at Mokwa in the southern Guinea savanna zone of Nigeria to determine the responses of maize yield components to infestation by parasitic weed Striga hermonthica (Del.) Benth. and identify the most important yield components under Striga parasitism. Infestation treatments (infested v. non-infested) and hybrids [9022-13 (highly tolerant), 8644-31 (moderately tolerant), 8321-21 (moderately susceptible) and 8338-1 (highly susceptible)] were the main and subplots, respectively.
INTRODUCTION
Obligate parasitic weeds Striga spp. threaten the livelihood of 300 million people in Africa and cause annual crop yield losses estimated at $7 billion (M'Boob 1989) . Seeds of these parasites germinate in response to stimulants in the root exudate of host plants. Thereafter, germinated Striga seedlings initiate contact with host root by a structure called ' haustorium ', through which photosynthates, minerals and water are transferred from the host to the parasite. More than 17 countries in West, Central and Southern Africa are highly infested and complete crop losses are not uncommon in these areas (Lagoke et al. 1991) . About two-thirds of the 73 million hectares devoted to cereal production in the continent are situated in ecological zones where Striga is already present. In Africa, where farmers are resource-poor and cannot afford high-input control options, the use of resistant\tolerant varieties is acknowledged as the most practicable and sustainable solution.
Four species of the parasite cause economic losses in cereal crops and these are S. hermonthica (Del.) Benth., S. asiatica (L.) Kuntze, S. aspera (Willd.) Benth. and S. forbesii Benth. Among these, S. hermonthica is the most widespread and causes the greatest losses. Maize is the dominant cereal crop in the moist savanna area of sub-Saharan Africa (FAO 1992) where the S. hermonthica problem has been most severe. Maize varieties with tolerance to S. hermonthica have been developed at the International Institute of Tropical Agriculture (IITA), Nigeria. Tolerant varieties are infected underground but are able to minimize damage and yield losses due to parasitism (Adetimirin 1995 ; Kim et al. 1997) . Yield, a quantitative trait, is functionally related to yield components. Information on the effects of Striga on maize yield components would be useful to physiologists, modellers and plant breeders. Such information is, however, scanty in the literature. The objective of this study was to investigate the responses of maize yield components to Striga infestation and, in effect, determine the most important yield components influencing maize grain yield under Striga parasitism.
MATERIALS AND METHODS
The study was carried out during the growing seasons (June-October) of 1992 and 1993 at Mokwa (9m 18Z N, 5m 04Z E, 457 m altitude, 1100 mm annual rainfall), Nigeria. Four intermediate maturity (110-120 days) hybrids that exhibit differences in their levels of tolerance to Striga were evaluated under Strigainfested and non-infested conditions. These consisted of one highly tolerant (9022-13), one moderately tolerant (8644-31), one moderately susceptible (8321-21) and one highly susceptible (8338-1) hybrid. Mean soil test values were pH l 5n9 (H # O : soil, 1 : 1), organic C l 6n3 g\kg, total N l 0.49 g\kg, and available Bray-1 P l 7n7 mg\kg. Exchangeable cations (cmol o \kg) were as follows : Ca l 1n71, Mg l 0n59 and K l 0n19. The experiment used split-plots in a randomized complete block design with three replications. Infestation treatments (infested v. noninfested) were randomly assigned to main plots and hybrids to sub-plots. Each plot consisted of four ridges, each 3 m long. Ridges were spaced 0n75 m, and hills of plants within ridges were spaced 0n25 m. Striga plots were artificially inoculated with S. hermonthica seed. Holes of 5 cm depth and 8 cm diameter were dug every 0n25 m on the ridges of main plots designated for infestation with Striga seed. Striga seed was applied as a seed-sand mixture using calibrated scoops. Each hole received 7 g of the mixture (approximately 14 000 seeds with 30 % germinability) and the holes were covered with soil. Maize was planted in the holes three days after infestation. At the same time, maize was also planted in the noninfested plots and at the same spacing of 0n75i0n25 m as in infested plots. Two maize seeds were planted and thinned to one plant per stand 2 weeks after planting. Except for Striga seed infestation, all management practices for both infested and non-infested plots were the same. Fertilizers were applied at the rate of 60 kg\ha N, 26 kg\ha P and 50 kg\ha K. At land preparation, 15 kg\ha N and the whole amounts of P and K were applied. The remaining 45 kg\ha N was applied at 4 weeks after planting. Weeds other than Striga were handpicked on a regular basis.
Data collection was based on plants in the two central rows. Data on Striga emergence count and maize damage score were obtained from infested plots. Maize damage score was based on a scale of 1 to 9 (1 l normal plant growth, no visible damage ; 9 l severe damage or death) at 10 weeks after planting of maize (Kim 1994) . Details of the rating are as follows :
1 l Normal plant growth, no visible symptoms. 2 l Small and vague purplish-brown leaf blotches visible 3 l Mild leaf blotching with some purplish-brown necrotic spots. 4 l Extensive blotching and mild wilting. Slight but noticeable stunting and reduction in ear and tassel size. 5 l Extensive leaf blotching, wilting and some scorching. Moderate stunting ; ear and tassel size reduction. 6 l Extensive leaf scorching with mostly gray necrotic spots. Some stunting and reduction in stem diameter, ear size and tassel size. 7 l Definite leaf scorching, with gray necrotic spots, and leaf wilting and rolling. Severe stunting and reduction in stem diameter, ear size, and tassel size, often causing stalk lodging, brittleness, and husk opening at a late-growing stage. 8 l Definite leaf scorching with extensive gray necrotic spots. Conspicuous stunting, leaf wilting, rolling, severe stalk lodging, and brittleness. Reduction in stem diameter, ear size and tassel size. 9 l Complete scorching of all leaves, causing premature death or collapse of host plant and no ear formation.
Grain yield and yield components were determined for infested and non-infested plots. Yield components determined were number of ears per plant, ear length, ear diameter, number of kernel per row, number of kernel rows and 100-kernel weight. Grain yield and 100-kernel weight were adjusted to 15 % moisture content. Ear aspect was rated on plot basis in terms of commercial value (1 l ears well formed, good kernel set ; 9 l ears poorly formed, poor kernel set) (Kim & Adetimirin 1997).
Total rainfall was 626 mm in 1992 and 1064 mm in 1993. Maize plants experienced moisture stress in 1992 as a result of a 3-week drought, which occurred from prior to flowering through to mid-silking. In 1993, about 10 % of plants in non-infested plots were naturally infected with Striga. The infestation was mild and number of emerged Striga plants on such plots averaged one per infected maize plant. Striga count data were subjected to square root (xj1) transformation for analysis. Analyses of variance were carried out for each season and across seasons using SAS software (SAS Inst., Cary, NC). Average values of the respective traits of each hybrid in each season were used to generate correlation coefficients between grain yield and yield components. Stepwise regression analysis was employed to determine the most important yield components under Striga.
RESULTS

Maize damage score and emerged Striga count
In general, damage scores in 1993 were lower (P 0n05) than in 1992, when maize plants experienced moisture stress around flowering and rainfall was below the long-term average for the 
0n08 0n28 0n48 0n19 1n06 0n26 0n73 4n47 Hybrid 9022-13 0n7 9 n3 3 9 n5 2 n7 1 9 n7 1 2 n5 2 8 n7 5 2 n7 8644-31 0n6 1 1 n2 3 7 n1 3 n3 2 4 n2 1 1 n1 2 7 n7 4 6 n3 8321-21 0n6 1 1 n8 3 7 n6 3 n5 2 5 n0 1 2 n0 2 8 n4 4 3 n3 8338-1 0n5 1 0 n4 3 6 n8 5 n3 2 2 n3 1 2 n4 2 4 n2 4 1 n3 .. (.. l 24) 0n06 0n47 0n82 0n48 1n27 1n28 0n93 2n94 location (Table 1) . Seasonihybrid interaction was, however, not significant. Differences among the damage scores of the hybrids were significant at P 0n01. Damage score ranks of the hybrids corresponded to their known tolerance responses. Although the mean Striga emergence count was lower in 1992 (3n4 per plant) compared to 1993 (4n9 per plant), the difference was not significant (Table 1) . Seasonihybrid interaction was also not significant. The hybrids showed significant differences (P 0n05) in their mean number of emerged Striga plants. The highly tolerant (9022-13) and highly susceptible (8338-1) hybrids, however, had statistically similar Striga counts in both seasons.
Ear traits
The effects of season on number of ears per plant, ear length, ear diameter and ear aspect were not significant (Table 2) . Striga infestation significantly reduced (P 0n01) all the four ear traits. Mean reduction was c. 44 % for ears per plant, 21 % for ear length and 12 % for ear diameter. Ear damage due to Striga, as measured by ear aspect score, was c. 47 %. The mean differences among the four hybrids were significant at P 0n01 for ears per plant, ear length and ear aspect, and P 0n05 for ear diameter. Ears per plant and ear diameter were highest for 9022-13 -the most tolerant hybrid and lowest for 8338-1 -the most susceptible hybrid. These two hybrids also showed the lowest and highest ear aspect scores, respectively. Mean ear length of 9022-13 was the lowest (Table 2) . This hybrid has characteristically short ears.
Ears per plant and ear diameter of the four hybrids were, in general, similar under non-infested conditions (Table 3 ). An exception was 1993 for which ears per 
† Ear aspect score: 1 l ears well formed, good kernel set; 9 l ears poorly formed, poor kernel set. ‡ ... for comparing means of hybrids under the same infestation treatment (.. l 12). *,**,*** Significant at 0n10, 0n05 and 0n01 probability levels, respectively.
plant of the highly susceptible hybrid 8338-1 was significantly lower than that for 9022-13, the highly tolerant hybrid. Thus, the differences observed among the mean values of the hybrids for these traits ( Seasoniinfestation interaction was significant (P 0n05) for ears per plant, ear diameter and ear aspect. Among the ears traits considered, the most dramatic difference between seasons for plots of similar infestation treatments occurred for ears per plant under infestation (Table 3) . Despite the moisture stress of 1992, mean numbers of ears per plant of the four hybrids in non-infested plots were similar in both years (0n9 in 1992 and 0n8 in 1993). In contrast, mean numbers of ears per plant of the four hybrids under infestation was much lower in 1992 (0n2) compared to 1993 (0n7). These results demonstrate that moisture stress can reinforce the adverse effects of Striga on maize. Hybridiseason interaction was significant only for ears per plant. Hybridiinfestation and hybridiseasoniinfestation interactions were not significant for any of the ear traits.
Kernel traits and grain yield
The effects of season were not significant for number of kernels per row and 100-kernel weight ; however, seasonal effects were significant (P 0n05) for number of kernel rows and grain yield (Table 2) . Mean number of kernel rows and grain yield were c. 24% and 23 % lower, respectively, in 1992 relative to 1993. As with ear traits, Striga significantly reduced (P 0n01) grain yield and all the kernel traits considered. Mean reduction was c. 69 % for grain yield, while reductions for other kernel traits ranged between c. 17 % and 29 %. Differences among the hybrids for mean numbers of kernel rows were not significant, but significant (P 0n01) differences were obtained for kernels per row, 100-kernel weight and grain yield.
Infestationiseason interaction was significant for kernel rows. Kernel rows showed less than 10 % reductions in 1993 with a range of c. 1 % (8338-1) to 9 % (8321-21). Higher reductions in kernel rows were obtained in 1992. The reduction was 47 % for 8338-1 and ranged between c. 25 and 30 % for the other three hybrids. Thus, combination of moisture stress and Striga affected kernel rows of 8338-1 much more than any of the other hybrids. Infestationiseason interaction was not significant for kernels per row and 100-kernel weight. Across the two seasons, mean reduction for 9022-13 was c. 26 % for kernels per row and 3 % for 100-kernel weight. Reductions in kernels per row and 100-kernel weight were respectively, c. 34 % and 20 % for 8644-31, 32 % and 31 % for 8321-21, and 30 % and 12 % for 8338-1. Hybridi infestation interaction was significant for 100-kernel weight but not significant for kernels per row.
Grain yields of the four hybrids were similar under Striga-free conditions (Table 4 ), but differences under infestation were significant. Infestationiseason and hybridiinfestation interactions were significant (P 0n01). Yield reduction for 9022-13 was c. 36 % in 1993 and increased to c. 70 % under moisture stress in 1992. In comparison, yield reduction of 8338-1 were c. 71 % and 94 %, respectively. Yield reductions of 8644-31 and 8321-21 were between those of 9022-13 and 8338-1.
The moisture stress that occurred in 1992 made stratification of stress levels or factors possible : infested plots in 1992 had two stresses (Striga and moisture), non-infested plots in 1992 had one stress (moisture), infested plots in 1993 experienced one stress (Striga) and non-infested plots in 1993 was stress-free. Regardless of the moisture stress of 1992, yields of non-infested plots were comparable for the four hybrids (Table 4) . Thus, the performances of the hybrids were not adversely affected when moisture constituted the only stress factor. Plots exposed to Striga as the only stress factor (infested plots in 1993) had remarkably lower grain yields compared to yields 
of plots that had moisture as the only stress factor (non-infested plots in 1992), indicating the effects of Striga on maize to be more severe than moisture stress. Moisture stress, however, increased geometrically the losses caused by Striga. Grain yields of plots under both stresses were c. 44 % (9022-13) and 23-25 % (other hybrids) of those of respective infested plots with adequate moisture.
Correlation and stepwise regression analyses
Under the non-infested condition, none of the yield components considered had significant correlation with grain yield (Table 5) . Under infestation, however, all the yield components except ear length were significantly (P 0n10-0n01) correlated with grain yield. Ears per plant showed the highest correlation with grain yield (r l 0n97, P 0n01). Stepwise regression analysis showed ears per plant to be the most important yield component under Striga (R# l 0n95) ( Table 6 ). Inclusion of kernels per row increased R# to 0n98, indicating that 98 % of the yield differences under Striga could be explained by variation in ears per plant and kernels per row. Ear aspect scores alone explained 78 % of the variation in grain yield.
DISCUSSION
Ear and kernel characteristics of the hybrids were somewhat different under Striga-free conditions although they exhibited similar grain yield potentials, an indication of compensatory effects among the yield components. For example, the smaller ear length and fewer kernels per row of 9022-13 compared to those of the other hybrids were presumably compensated for by other yield components, notably ear diameter and kernel weight. The non-significant correlation (r) between yield components and grain yield under Striga-free conditions can be attributed to the similarity in grain yields and the limited variation in yield components among the hybrids. The range of values of the independent variable (X) and the variation among the dependent (Y) values at each value of X are important factors influencing r and R# (Cornell & Berger 1987) .
The remarkable differences in grain yield exhibited by the hybrids under Striga were related with variation for reduction in yield components by the parasite. This relationship was evident in the significant correlation obtained between yield and nearly all its components. Striga affected all the yield components of the four hybrids although the severity of the reduction for each component differed with hybrids. Apparently, grain yield variation under Striga was the cumulative of crop response for hosts of yield components. Hybrid 9022-13 had the least percentage reduction in three out of the six yield components (ears per plant, ear diameter and 100-kernel weight) and did not show the highest reduction in any of the remaining traits. Hybrid 8644-31 had the most severe reduction in one yield component (kernels per row) ; 8321-21 and 8338-1 had the highest reduction in two (ear length and 100-kernel weight) and three (ears per plant, ear diameter and kernel rows) components, respectively. Thus, susceptible hybrids suffered more severe effects in a larger number of yield components and vice versa.
In addition to host genotype, the nature of a stress factor determines the yield components affected and the magnitude of the effect. The life cycle of Striga is closely linked to that of its host, and the latter is exposed to parasitism for almost the entire duration of its life cycle. Aside from parasitism, Striga impairs photosynthetic efficiency (Stewart et al. 1991) and exerts phytotoxic effects (Ransom et al. 1996) on its host. The higher mean reduction obtained for ears per plant (44 %) compared to other yield components (12-29 %) suggested that Striga effects on maize grain yield relate more to pre-than post-flowering stress. Ear reduction from pre-flowering stress results from cessation of ear development and ear abortion (Edmeades & Daynard 1979 ; Jacobs & Pearson 1991) . This is in contrast to insidious and more delayed pathogen effects, which have little or no effect on ears per plant (Kim & Brewbaker 1976) .
Stepwise regression analysis established ears per plant and kernels per row as the two most important traits that influenced grain yield under Striga. The overwhelming proportion (R# l 0n95) of yield variation accounted for by ears per plant showed that ears per plant was a major yield component under Striga, and it would be useful as a selection index. Kim & Adetimirin (1997) and Akanvou et al. (1997) had earlier reported highly significant phenotypic (r p l 0n60) and genotypic (r g l 0n99) correlation, respectively, between ears per plant and grain yield under Striga parasitism. Although R# values of the regression of ear aspect score on grain yield was lower than that for ears per plant, it was sufficiently high to justify its use in Striga resistance\tolerance breeding programmes, particularly because of the ease and rapidity of its determination.
The occurrence of drought has been a recurring feature in the savanna of sub-Saharan Africa (Haussmann et al. 1998) . The period when moisture stress occurred in 1992 has been identified as crucial for maize grain yield (Classen & Shaw 1970) . Similarity in grain yields of the hybrids for non-infested plots in 1992 and 1993 suggested that the hybrids were reasonably buffered to moisture stress and that moisture stress alone did not constitute a major threat to grain yields of the hybrids. However, the 56-77 % reduction in grain yields of moisture-stressed infested plots compared to plots in which Striga attack constituted the only stress indicated that moisture stress seriously aggravated maize damage by Striga, a result in agreement with previous observations (Parker & Riches 1993) .
Maize damage scores were in agreement with grain yield ranks of the hybrids, but numbers of emerged Striga plants were of little use in classifying the tolerance reactions of the hybrids. The slight reductions observed for ears per plant and ear length in non-infested plots in 1993, especially for 8338-1, was due to the incidence of few Striga plants resulting from natural infestation. The consequences of these reductions were slightly diminished differences between infested and respective non-infested plots. These reductions, however, did not affect the overall results and conclusions of the study.
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